Abstract : The unconstrained genomic DNA of bacteria forms a coil, which volume exceeds 1000 times the volume of the cell. Since prokaryotes lack a membrane-bound nucleus, in sharp contrast with eukaryotes, the DNA may consequently be expected to occupy the whole available volume when constrained to fit in the cell. Still, it has been known for more than half a century that the DNA is localized in a well defined region of the cell, called the nucleoid, which occupies only 15% to 25% of the total volume. Although this problem has focused the attention of many scientists for the past decades, there is still no certainty concerning the mechanism that enables such a dramatic compaction. The goal of this Topical Review is to take stock of our knowledge on this question by listing all possible compaction mechanisms with the proclaimed desire to clarify the physical principles they are based upon and discuss them in the light of experimental results and the results of simulations based on coarse-grained models. In particular, the fundamental differences between ψ-condensation and segregative phase separation and between the condensation by small and long polycations are highlighted. This review suggests that the importance of certain mechanisms, like supercoiling and the architectural properties of DNA-bridging and DNA-bending nucleoid proteins, may have been overestimated, whereas other mechanisms, like segregative phase separation and the self-association of nucleoid proteins, as well as the possible role of the synergy of two or more mechanisms, may conversely deserve more attention.
based upon, to discuss them in the light of recent experimental results, and to illustrate them as far as possible with results of simulations based on coarse-grained models. These models, where up to 15 DNA base pairs may be represented by a single site and proteins by a few ones, lack most of the details of atomistic models and are not appropriate for investigating specific interactions, but they are sufficient when non-specific interactions (like electrostatic ones) play the key role and they allow for the numerical integration of quite long trajectories for rather large systems. They will be used in this Review to associate explicit numbers with each mechanism and provide clear illustrations thereof.
Mechanisms that are not specific to DNA, but may instead contribute to the compaction of any charged polymer (associative and segregative phase separation, correlation forces, ψ-condensation), are described in Sect. 2, while those which are more specific to DNA (supercoiling, bridging by Nucleoid Associated Proteins) are discussed in Sect. 3 . Full detail of the models is provided in the Appendix.
-Compaction mechanisms generic to all charged polymers
DNA is a highly charged polymer. Owing to the Ca , which are essential for the activity of many enzymes [18, 19] . The cytoplasm consequently behaves like a polyelectrolyte, a state of condensed matter that is much more poorly understood than neutral polymer solutions. Difficulties arise principally because of the long range nature of Coulomb interactions. For example, computer simulations [20, 21] and theory [22] have pointed out that for most dilute and semi-dilute solutions containing long charged polymers part of the counterions are trapped in the volume of the macromolecular coil, while the other part escapes to the remainder of the accessible volume. The DNA molecule therefore retains a nonzero charge even in salt solutions, so that electrostatic repulsion tends to oppose DNA compaction. This is the first point that should be kept in mind, namely that the principal force that opposes the compaction of genomic DNA in the nucleoid is the electrostatic repulsion between the charged duplexes. Assuming a reduction to about 10% of its original value of the effective charge on the DNA due to charge neutralization by the counterions (see below), the free energy change due to electrostatic repulsion upon compaction of the DNA in the nucleoid has been estimated to be still as large as about 0.2 T k B per base pair [23] .
The second point one should keep in mind is that a large number of proteins and other macromolecules are present in the cell, in addition to the DNA and the small counterions, including typically around 200-300 mg of proteins and 100 mg of RNA per ml of cytoplasm in E. coli cells [24] . Some of these molecules, like the RNA and the polyamine spermidine 3+ , which is present in the mM range in bacteria, are multivalent ions that contribute to both macromolecular crowding and electrostatic balance.
In this section, I will review possible DNA compaction mechanisms, which rely uniquely on the charged polymer character of the DNA. These mechanisms may be separated into two groups, according to the strategy they use to overcome the DNA-DNA electrostatic repulsion. Mechanisms of the first group are based on strong electrostatic interactions between DNA and the other macromolecules in the cytoplasm, while mechanisms of the second group require instead that the charges on the DNA be neutralized as completely as possible to allow additional weak forces to induce DNA compaction. This distinction is admittedly somewhat superficial, because the charges located on the phosphate groups of the DNA are always partly neutralized by the cloud of companion cations, but it will be shown below that it still helps discriminating between rather different physical mechanisms. of the resulting phases is rich in A and poor in B and vice versa for the other phase. The principal characteristics of phase separation in systems composed of two different polymers in solution are well explained by the Flory-Huggins theory of polymer solutions [29] and later developments thereof (see for example [30] ) and the reader interested in the thermodynamical aspects of phase separation is prompted to refer to these works. In the description below, I
will stay at a more qualitative molecular description of the occurring phenomena.
Associative phase separation (complex coacervation).
As mentioned above, coacervates of DNA and other macromolecules may form when the latter ones have positively charged segments. This is precisely the case for cationic polyamino acids, like poly-L-lysine. At neutral pH, each lysine residue has a positively charged + 3 NH -amino group, so that sufficiently long polylysine molecules are able to bind several DNA duplexes simultaneously. Polylysines have been shown to be very efficient in condensing DNA into compact nanostructures [31, 32, 33] and are being used for in vitro and in vivo delivery of therapeutic DNA [34, 35, 36] . More precisely, it has been shown that 92-mer and 981-mer poly-L-lysine induce a gradual (i.e. continuous) compaction of DNA when increasing the ratio of the number of amino acids over the number of phosphate groups and that the compaction is maximum at a ratio of about 1 [37, 38] . The shrunken coil, which is obtained for single T4 DNA molecules and 92-mer poly-L-lysine at a lysine/phosphate ratio of 0.25 is nicely illustrated in figure 2 (B).
Coarse-grained modeling of DNA compaction by polycations of increasing length has been reported in [39] . In this work, DNA is modeled as a chain of 120 monovalent negatively charged beads separated at equilibrium by 0.5 nm and the polycations by several chains of varying length (3, 4, 5, 10, 15 and 30 beads) with monovalent positively charged beads separated at equilibrium by 0.56 nm. The number of positively charged beads is equal to that of negatively charged ones and the whole system is enclosed in a sphere of radius 30 nm.
Successive beads along the same chain interact through stretching and bending energy terms and all beads interact via electrostatic terms including hard-sphere repulsion. The dynamics of the system was investigated through Monte Carlo simulations using the Metropolis algorithm.
Typical conformations obtained for polycations with 3, 4, 5, 10 and 30 beads are shown in figure 3 , where black beads represent the DNA and white ones the polycations. It is obvious from this figure that, for equal concentrations of positively and negatively charged beads, the ability to compact DNA increases markedly with the length of the polycations, with positive chains of 3 and 4 beads leading only to mild compaction and longer ones to quite compact complexes. There admittedly exist important differences between real DNA and the model proposed in [39] . For example, the persistence length of the model is only 1.2 nm, against about 50 nm for DNA. Moreover, the DNA chain is quite short and the concentrations of DNA and polycations are quite low. Still, this work has the virtue of emphasizing the crucial role of the length of the polycations for the purpose of compacting DNA. Experimental studies have confirmed the stronger compaction efficiency of longer polycations [37, 40] , but they also pointed out that the compaction mechanism of long polycation chains differs markedly from that of small ones [37, 38] . We will come back to this point in section 2B.
In conclusion, long polycations with concentrations of individual residues equivalent to that of DNA phosphate groups, that is, in the 0.01 M range for physiological conditions, are able to compact DNA efficiently and progressively [38] . No long polycations are, however, known to be present at such large concentrations in the cytoplasm. It is therefore probable that complex coacervation plays no important role in the in vivo compaction of bacterial DNA.
Segregative phase separation.
In contrast with associative phase separation, which has been the focus of many studies, the possibility that compaction of the nucleoid may result from segregative phase [44] . Results are shown in figure 4 . It is seen in this figure that, at 1% BSA and 150 mM NaCl, the 166 kbp bacteriophage T4 DNA exhibits an elongated coil conformation, which is approximately 5 µm long (figure 4(A)), while at 15% BSA the DNA is tightly between these macromolecules and leads eventually to re-mixing. Note that it was still more recently shown that a few percents of negatively charged silica nanoparticles with diameters ranging from 20 to 135 nm are also able to trigger compaction of DNA from coil to globule configurations [45] .
Illustrations of segregative phase separation were obtained from simulations performed with a coarse-grained model, which will also be used in the remainder of this
Review to discuss the hypotheses that small polycations, supercoiling, and Nucleoid Associated Proteins, may contribute to the compaction of the genomic DNA in the nucleoid. (11) and (12) In conclusion, large amounts of negatively charged macromolecules in the 10-20% v/v concentration range are able to compact DNA efficiently and progressively [41, 42] . The concentration of negatively charged macromolecules in prokaryotic cells is difficult to estimate, but it cannot be excluded that it is close to the threshold concentration required for DNA compaction (for example, there are about 100 mg of highly negatively charged RNA per ml of cytoplasm in E. coli cells [24] ). Segregative phase separation therefore appears as a mechanism that possibly contributes to the formation of the nucleoid in bacteria, although it is only rarely mentioned in the list of possible mechanisms.
B -Mechanisms based on DNA charge neutralization and/or screening
In contrast, with associative and segregative phase separation, which involve strong electrostatic interactions between the DNA and other macromolecules present in the cytoplasm to overcome the strong DNA-DNA electrostatic repulsion, the mechanisms discussed in this subsection are instead based on the weakening of the DNA-DNA electrostatic repulsion, which subsequently makes it possible for additional weak forces to provoke DNA compaction. There are essentially two methods for weakening the repulsion between DNA duplexes, namely (i) increase the neutralization of DNA charges by counterion condensation, and (ii) decrease the Debye length.
Manning's theory [52] Consequently, screening of the charges carried by the DNA and the other macromolecules becomes more efficient and the effect of the charges less noticeable. Equations in [23, 53, 54] show that addition of a salt with valency Z (or higher) to the solution similarly increases counterion condensation, because counterions with higher valency replace monovalent ions on the DNA, and consequently decreases the net effective charge on the DNA. In contrast, addition of a monovalent salt decreases counterion condensation, because more monovalent ions compete with multivalent ones for condensation, and consequently increases the net effective charge on the DNA. This remark may help discriminate between different mechanisms, like for example segregative phase separation and macromolecular crowding (see below).
Condensation by small cations.
As mentioned above, the efficiency of counterion condensation and DNA charge neutralization increases with the valency of the counterions. In line with this remark, it was shown about 40 years ago that it is possible to condense DNA into very compact structures by adding polyamines with three or four positive charges to very dilute solutions of DNA [55, 56, 57] . Since that time, this phenomenon has been investigated by many polymer physicists (as a model for the behavior of polyelectrolytes in the presence of multivalent counterions) and biophysicists (as a model for DNA packaging into viruses) and it is now well established that the size and morphology (toroids, rods, or spheres) of condensed DNA depends crucially on the ionic strength and solvent polarity of the solution, as well as the charge and density of the condensing agent (see for example [58, 59, 60] and references therein). A remarkable result has been obtained by Wilson and Bloomfield, who studied the compaction of T7 bacteriophage DNA by trivalent spermidine, tetravalent spermine and other multivalent cations, at varying monovalent salt concentrations [54] . They were able to shown that, despite the differences between the systems they investigated, condensation uniformly occurred when approximately 90% of the DNA charge was neutralized [54] , the amount of neutralization being estimated according to Manning's counterion condensation theory [52, 53] . Since the maximum charge neutralization that can be achieved with divalent cations is only 88% (see above), this finding explains why condensation by divalent cations is only marginal.
Charge neutralization is therefore fundamental in the condensation of DNA by small cations, because of the associated reduction of the electrostatic repulsion between DNA duplexes, but it cannot by itself induce attraction between the helices and stabilize DNA in the condensed form. A second force is therefore necessarily involved in the condensation of DNA by small cations. Oosawa [61] has shown almost half a century ago that the correlations between the fluctuations of the ionic atmospheres condensed around each rod lead to an attractive force between like-charged rodlike macroions and that this force may eventually be larger than the (partially neutralized) electrostatic repulsion force between the rods if the valency of the counterions is sufficiently large. Marquet and Houssier have later elaborated on this theory to derive an expression for the attractive fluctuation correlation free energy [62] .
This expression leads to estimates of the fluctuation correlation energy of the order of -0.3 T k B per base pair at the condensation threshold, a value which is indeed sufficient to It may be worth emphasizing that complex coacervation (discussed in the previous subsection) and condensation by small cations are rather different mechanisms, although the polycations that trigger them may differ only in their respective number of monomers. The coacervation mechanism is indeed much more efficient than forces arising from fluctuation Results obtained with different values of the well depth, which is governed by the parameter α − (see equation (2)), are shown for each interaction potential, and the value of the radius of gyration of the compacted DNA is indicated close to the corresponding vignette.
correlations. For example, it was mentioned above that the compaction of DNA by 92-mer poly-L-lysine molecules is complete in the experimental conditions of [38] when the number of lysine residues is approximately equal to the number of phosphate groups. In contrast, condensation by trimer poly-L-lysine molecules requires approximately 100000 times more lysine residues [38] . Moreover, compaction by long polylysines is gradual (see figure 2(B) ), with the volume of DNA decreasing continuously from the coil to the globule value with increasing amino acid concentration, while condensation by small cations is essentially an allor-none process, with the DNA being either in the coil state or the condensed one but not inbetween (see figure 2(C)) [37, 38, 55, 56, 57] .
There have been several attempts to model DNA condensation by small multivalent cations with coarse-grained models, see for example [63, 64, 65, 66, 67] . These studies focused, however, almost exclusively on the formation of toroids and rods when starting from very dilute initial conditions. We performed additional simulations to investigate the compaction dynamics of DNA chains when starting from initial concentrations close to those that prevail in the cell. For this purpose, the model consisting of a circular chain of 1440 beads enclosed in a sphere of radius 120 nm described above was adapted as follows. After allowing the system with repulsive DNA-DNA interactions to equilibrate, the repulsive DNA-DNA interaction term was replaced by an attractive one and the system was allowed to equilibrate again by integrating the Langevin equations. The depth and width of the attractive well were varied in order to check their influence on the degree of compaction. Full detail of the model is provided in the Appendix, see particularly equations (2) and (8), and results are summarized in figures 6 and 7. Figure 6 shows the evolution of the average radius of gyration g R of compacted DNA chains as a function of the parameter α − , which governs the depth of the DNA-DNA attractive interaction potential (see equation (2)), for a broad interaction potential (empty red circles) and a narrow one (filled blue dots). It is seen that compaction of the DNA is indeed a steep transition, which occurs over a narrow interval of values of the depth of the interaction potential, and this interval is all the narrower as the interaction well itself is narrower. Figure 7 additionally displays typical DNA conformations observed at the end of the equilibration procedure. It is seen in the top vignettes that for broad interaction potentials, compaction leads essentially to rods, which shorten and become increasingly spherical with increasing depth of the interaction potential. For narrow interaction potentials (bottom vignettes), several different shapes are instead observed close to the compaction threshold, including thin filaments and toroids. With increasing interaction depth, there only remain filaments, which again shorten, thicken, and become progressively spherical.
In conclusion, small polyvalent cations are able to compact DNA abruptly when present at high enough concentrations. Moreover, it is well established that small polyamines like spermidine 3+ are present in the mM range in bacteria and are efficient in condensing dilute DNA in vitro. Still, it is not easy to determine whether such concentrations are sufficient for spermidine to play a role in in vivo DNA compaction. Experiments have indeed
shown that spermidine concentrations of the order of 100 µ M are needed to condense 0.10 µM DNA in 10 mM NaCl solutions [59] , that is, a ratio of 1000 between the number of amine residues and phosphate groups. Moreover, increasing the salt concentration up to the 100 mM physiological value certainly tends to make this ratio even larger, since it has been observed that, due to the competition for DNA charge neutralization, the critical concentration of multivalent ions increases with increasing salt [54] . On the other hand, there are some indications that the critical spermidine concentration may increase very sub-linearly with DNA concentration [56] . Current knowledge is consequently insufficient to estimate a priori whether millimolar spermidine concentrations are sufficient to play a role in the compaction of 10 mM DNA in 100 mM salt. Still, based on the fact that condensation by small multivalent cations leads to structures with nearly liquid crystalline ordering that are much more compact than the nucleoid of bacteria, where DNA concentration is only of the order of a few percents (w/v), it may be concluded as in [56] that polyamines probably "aid in the packaging of DNA by strongly lowering the free energy of the transition to compact form"
but that "they fall short of the conditions for spontaneity". arising from the depletion in small spheres of the contact region between the large spheres may therefore be described as an entropic force. Asakura and Oosawa were the first to conjecture the existence of this force from theoretical grounds and provide the expression of the depletion force for several case systems [69, 70] .
Lerman later showed in 1971 that it is indeed possible to induce the collapse of phage DNA molecules into globules approaching the density of phage heads by increasing the concentrations of salt and simple neutral polymers, like poly(ethylene oxide) or poly(ethylene glycol), above certain thresholds, typically 40 mg/ml poly(ethylene glycol) at 1 M NaCl concentration [71] . This discovery, which took place slightly before that of the compaction of DNA by long polyvalent cations (1975, [31] ) and small polyvalent cations (1976, [55] ) and long before that of the compaction of DNA by negatively charged globular proteins (2010, [41] ), triggered an enormous interest from both theoreticians (see for example [72] ) and experimentalists and this mechanism is now broadly known as ψ-condensation, for Polymer and Salt Induced condensation. The depletion force is indeed rather weak and short-ranged and a high salt concentration is mandatory to reduce the repulsion between charged DNA duplexes. The depletion force does not, however, involve electrostatics and is not screened by salt, in contrast with the three mechanisms described above. It is therefore quite important to realize that addition of monovalent or divalent salt reduces the amount of polymer, which is necessary to induce ψ-condensation, while it increases the threshold concentrations in long polycations, negatively charged proteins, and small polycations involved in the three other mechanisms. This fact has probably not been recognized clearly enough, since DNA compaction observed in new systems is too often ascribed to ψ-condensation, even when an increase in monovalent or divalent salt concentration has an effect opposite to that expected for ψ-condensation and the compaction mechanism has consequently to be sought elsewhere (see for example [41, 42] ). Since the origin of the attractive force between two DNA duplexes was not explicited in the model of DNA condensation by small polyvalent cations discussed in the previous subsection, this model applies equally well to the condensation by depletion forces. These latter forces being, however, particularly short-ranged, relevant simulations should probably be performed with an attraction well substantially narrower than the two ones used in the previous subsection, leading consequently to a transition still steeper than those observed in figure 6 .
-Compaction mechanisms specific to DNA
Compared to more classical charged polymers, DNA molecules display additional unique properties, among which supercoiling and the ability to bind a large variety of Nucleoid Associated Proteins (NAP) that may in turn influence strongly the geometry of the DNA. In this section, I will discuss the possibility that these two properties contribute to the compaction of the genomic DNA of bacteria. Since NAP represent an important fraction of the proteins found in the cytoplasm and sometimes have a net charge at neutral pH, they may contribute to several of the mechanisms discussed in the previous section, like segregative phase separation and depletion forces. The discussion below deals, however, with possible compaction mechanisms relying on the detail of their specific interactions with DNA, while the mechanisms discussed in the previous section were instead based on non-specific interactions depending uniquely on their volume and global charge.
A -Supercoiling reported that in 50 mM NaCl solutions, the ratio Tw Wr / remains close to 2.6 over a large interval of values of σ [76] , which results in one writhe every 290 bp at
Moreover, it is believed that the chromosome of E. coli may consist of about 400 independently supercoiled domains, each about 10000 base pairs long on average, and with the boundaries between the domains being probably not placed stably along the sequence [4] .
Based, maybe, on the observation that individual supercoiled plectonemes formed with short circular DNA molecules like plasmids are more compact than their relaxed counterparts (see for example figure 9), supercoiling is systematically listed as one of the three or four important mechanisms for the compaction of bacterial genomic DNA. There are, however, several indications that the contribution of supercoiling to compaction is probably rather limited. First, it is well known that the enzyme gyrase is essential for the growth of E. coli cells and that it consumes ATP to introduce negative supercoiling in the DNA molecule against the increase in potential energy [77] . Still, relaxation of supercoiling by inhibition of the gyrase activity induces only a limited increase in the size of the nucleoid of E. coli cells, typically from 5% to 40% in volume [78] , while an increase of at least 400% would be needed for the nucleoid to expand through the whole cell. Moreover, it was found that there is only little difference (around 2% w/w) between the critical amounts of poly(ethylene oxide) needed for the ψ-condensation of linear DNA and supercoiled plasmid DNA over a wide range of salt concentrations [79] , while a substantially larger difference could reasonably have been expected if supercoiled DNA were significantly compacted compared to linear DNA.
Last but not least, the radius of gyration of the genomic DNA of E. coli has been estimated by assuming that supercoiled DNA forms a branched polymer [80] , adding the contribution of excluded volume interactions [81] , and plugging in the value of the branching density of 0.6 branch per kilo-bp obtained by Monte Carlo simulations [82] . These calculations indicate that if supercoiling were the only mechanism for compaction, then the radius of gyration of the nucleoid would be of the order of 3 µm [8] , which means that it would not even fit in the cell.
The fact that supercoiling leads only to rather mild compaction is confirmed by simulations performed with the coarse-grained model. Torsional degrees of freedom can indeed be introduced in the model according to [83] and spring-spring repulsions according to [84] , see equations (9) and (10) of the Appendix. This model predicts that the linking number decomposes approximately into 2/3 of writhe and 1/3 of twist, in fair agreement with experimental measurements [76] . A typical conformation of the DNA chain with 1440 beads mostly from three points, namely (a) long DNA molecules form branched polymers (with a branching density of the order of 0.6 branch per kilo-bp [82] ), while shorter plasmids are linear, (b) the spatial extension of writhe loops and the distance between DNA duplexes at crossing points decrease with increasing salt concentrations, and the simulations reported in figure 10 clearly correspond to a significantly smaller salt concentration than the micrograph in figure 9 , and (c) deposition of DNA on the charged surface and subsequent drying have a strong impact on the conformation of the DNA, which transforms from a 3D coil to a 2D flat structure [50, 51] .
In conclusion, supercoiling certainly contributes to the compaction of bacterial genomic DNA but its contribution is likely to be quite modest and cannot in itself explain the small volume of the nucleoid.
B -Nucleoid Associated Proteins
As mentioned earlier in this Review, the bacterial nucleoid is essentially composed of nucleic acids and proteins. The major NAP are Fis (factor for inversion stimulation), H-NS (histone-like nucleoid structuring protein), HU (heat-unstable nucleoid protein), IHF (integration host factor protein), Dps (DNA-binding protein from starved cells), and Hfq (host factor for phage Q β replication), but DNA polymerases, RNA polymerase and many species of the transcription factor are also found in the nucleoid [85, 86] . The intracellular concentrations of the major protein species vary significantly depending on the growth phase, the most abundant ones in growing cells being Fis, Hfq and HU, while Dps and IHF are predominant during the stationary phase [87] . Some of these proteins have architectural properties, in the sense that they can bridge (like H-NS), bend (like IHF, HU and Fis) or wrap (like Dps) the DNA [88] . DNA bridging by H-NS proteins and its complete wrapping around LrpC (leucine-responsive) proteins are for example clearly seen in figure 11 . It is known that the architectural properties of NAP are intimately linked with DNA functions, such as replication, transcription and protection. For example, formation of a bridge between two DNA sites by a H-NS protein may control transcriptional repression by preventing RNA polymerase from binding to a promoter [90] or by trapping it in an inactive open complex [91] . In addition, experiments with mutants strongly suggest that NAP do play a role in the compaction of the nucleoid. For example, bacterial cells lacking both HU and Fis display large decondensed nucleoids [92] , while overproduction of H-NS leads in contrast to too dense and compact nucleoids and may be lethal [93] . The hypothesis that NAP may play an important role in DNA compaction is furthermore supported by the fact that at high weight ratios of proteins to DNA, most of the NAP, like Fis [94, 95] , HU [96, 97, 98] (referred to as HD in [96] ), H-NS [9, 94] , and IHF [99] induce gradual and strong DNA compaction in vitro.
Several researchers, however, have pointed out that the intracellular concentrations of NAP are probably substantially smaller than those needed to compact DNA in vitro. For HU proteins, it has for instance been estimated that cells contain only from one tenth to one fifth of the number of proteins that is needed to compact the genomic DNA in vitro [100, 101, 102] .
One of the most intriguing questions concerning the eventual role of NAP in the compaction of bacterial genomic DNA is actually whether the putative compaction mechanism is linked to the peculiar architectural properties of the NAP or to other properties that still have been to be determined. For example, it has often been suggested that NAP like H-NS proteins may have a strong influence on DNA compaction because of their ability to form bridges between two DNA duplexes [9, 103, 104] . If this were the case, then the compaction mechanism would be close to the associative phase separation mechanism discussed in section 2A. The point, however, is that compaction by, say, long poly-L-lysine cations is complete for lysine concentrations approximately equal to the concentration in DNA phosphate groups [37, 38] . In contrast, there are at most 26000 H-NS proteins in a E.
coli cell [87] , that is, about one protein for 200 DNA base pairs, which is very likely to be insufficient for compaction. This point can be easily checked using the coarse-grained model for interacting DNA and H-NS molecules, which was proposed in [50, 51] . In this model, each H-NS dimer is modeled as a chain of three beads, with the two terminal beads being positively charged and the central one being negatively charged. The interaction between the protein beads and the DNA (modeled as described above) was adjusted so as to reproduce the experimentally determined enthalpy change upon binding of a single H-NS protein to the DNA molecule [105] . Simulations performed with this model were able to reproduce the conformations seen for example in figures 11(a) and 11(b), which consist of plasmids zipped by H-NS bridges, and showed that such zipping most likely originates from the deposition of the DNA-protein complexes on the charged mica surfaces and is probably not important in vivo [50, 51] . Additional simulations have been performed with this model, starting from equilibrated DNA chains with 1440 beads enclosed in the confining sphere. 200 protein chains were also introduced in the confining sphere, as described in equations (13) and (14) It has also often been suggested that the kinks caused by proteins that are able to bend DNA, like IHF, HU and Fis, may induce significant compaction, but it is actually difficult to imagine why this should be the case. In fact, Atomic Force Microscopy experiments performed with increasing concentrations of HU proteins have shown that the random bends induced by HU proteins at low DNA coverage are responsible for a moderate decrease of the DNA coil size, while large DNA coverage by HU proteins leads instead to an increase of the coil size, because stiff helical DNA-HU fibers are formed [106] .
It is therefore likely that the architectural properties of NAP do not by themselves contribute significantly to the compaction of bacterial genomic DNA and that the origin of their compaction ability must be sought elsewhere, for example in their ability to selfassociate. In contrast with poly-L-lysine polycations, which are uniformly charged and repel each other like two DNA segments do, most NAP indeed display regions with opposite charges, so that two NAP may usually bind more or less tightly. For example, H-NS is able to bridge two DNA duplexes, because it is functional as a dimer with two terminal DNA-binding domains [9] . Other NAP display a more complex behavior and have different binding modes depending on their concentration and the concentrations in salt and magnesium ions [98, 99] .
It has for instance been suggested that, in addition to its DNA-bending binding mode, HU may strongly modulate the local DNA geometry by forming nucleosome-like structures, in which a number of HU molecules form an ordered scaffold with DNA lying in the periphery [98] . Similarly, it has been shown that SMC (structural maintenance of chromosomes)
proteins are able to form rosette-like structures, in which SMC head domains form the central part of the structures and arms extend outwards, in which DNA loops could be trapped [107] .
The influence of such associations of proteins on the compaction of DNA has received little, if any, attention and probably deserves further investigation.
In conclusion, certain NAP certainly do play an important role in the compaction of the nucleoid, but the corresponding mechanism is probably not connected with their architectural properties but rather with other properties yet to be determined, like for example their ability to self-associate.
-Conclusions and Outlook
In this Topical Review, I have reviewed the mechanisms that may lead to the compaction of the genomic DNA of prokaryotic cells, paying special attention to clarifying the physical interactions they rely upon. These mechanisms may be divided into two broad families, according to whether they are generic to all charged polymers or specific to DNA.
Generic mechanisms may again be divided into two sub-families, according to whether they take advantage of the coulombic forces arising from the charges along the DNA or need instead almost complete screening of these charges. These mechanisms are summarized below. As discussed above, the following conclusions hold when considering that each mechanism acts independently from the other ones.
-associative phase separation probably does not play a significant role, because the cytoplasm does not contain sufficient amounts of free long polycations, -supercoiling is able to induce only limited compaction,
-condensation by small cations and macromolecular crowding are probably not the leading compaction mechanisms, because they would lead to globules that are much more compact than the nucleoid.
-segregative phase separation and Nucleoid Associated Proteins are probably involved in the compaction of the nucleoid but intracellular concentrations of negatively charged macromolecules and NAP are not sufficient to induce compaction in vitro.
The general feeling that emerges from this Review is, therefore, that none of the mechanisms listed above is able to compact the bacterial genomic DNA by itself and that (i) either several mechanisms are at play simultaneously, (ii) or the exact mechanism still has to be found.
The hypothesis of the concerted action of at least two mechanisms is supported by several experiments. For example, when extracts of E. coli are separated into a DNA-binding fraction and a non-DNA-binding fraction, each fraction taken separately is a poor DNA compacting agent, while they act again similar to the original extracts in the amount required for compaction when rejoined [6] . Moreover, strong DNA compaction is also obtained when neutral polymers are added to the non-DNA-binding fraction [108] or to Nucleoid Associated Proteins [109, 110] . On the other hand, it has been conjectured on the basis of a thermodynamic model that the association of negatively charged non-binding proteins and supercoiling is sufficient to induce strong DNA compaction, even in the absence of DNA binding proteins and small multivalent cations [111] . The hypothesis of the concerted action of several mechanisms is further supported by recent experiments, which indicate that there are different levels of nucleoid organization and compaction. More precisely, it has been shown that the nucleoid of E. coli cells is composed of four different regions, called macrodomains [13, 112, 113, 114] . Contacts between DNA sites belonging to the same domain are much more frequent than contacts between DNA sites belonging to different domains.
While most of the mechanisms described above are able to provide some level of DNA compaction, none of them can account for specific macrodomain organization. It was shown that a 17 kDa protein called MatP is probably responsible for the organization of one of these domains, the so-called Ter macrodomain, which contains the replication terminus [114, 115] , On the other side, the hypothesis that the most important mechanism for compaction may still have to be found is also supported by several experimental observations. As already mentioned, it has for example been reported that HU proteins may form nucleosome-like structures, in which a number of HU molecules form an ordered scaffold with DNA lying in the periphery [98] , and the same conclusion was arrived at for rosettes formed by SMC proteins [107] . The precise influence of such structures on the compaction of bacterial DNA has not been investigated, although it may be expected that the strong electric field generated by such spatially extended complexes may be very efficient in compacting long DNA molecules.
Looking more deeply into possible synergies between the mechanisms listed in this
Review and eventually elaborating new ones from experimental observations will therefore probably be the keys for understanding the long standing puzzle of the compaction of the genomic DNA of bacteria into the nucleoid. coli cell by a factor of approximately 200, so that the nucleic acid concentration is close to the physiological value. It was furthermore shown in [46] that the value used for the hydrodynamic radius a leads to correct diffusion coefficients for the DNA chains.
Temperature T was assumed to be 298 K throughout the study.
The energy of the DNA chain may consist of up to six terms, namely, the stretching energy s V , the bending energy b V , the torsional energy t V , a term e V that takes both electrostatic and excluded volume interactions into account, a repulsion term X V that insures that two DNA segments cannot cross, and a confinement term wall V that acts on DNA beads that tend to exit the sphere and repels them back.
The stretching and bending contributions write to insure small enough variations of the distance between successive beads [46] . In contrast, the bending rigidity
, is chosen so as to provide the correct persistence length for DNA, which is 50 nm, equivalent to 10 beads [46] .
Interactions between DNA beads that are not nearest neighbours along the chain are written as the sum of (attractive or repulsive) electrostatic Debye-Hückel terms and (2) because it is considered that they are already accounted for in the stretching and bending terms. is the electric charge that in previous work [47, 48, 49, 50, 51] was placed at the centre of each DNA bead, according to [116] . In equation (2) nm. See [84] for more information on this interaction term and, in particular, how distances of closest approach lying outside the segments are handled.
The confinement term wall V is taken as a sum of repulsive terms
where f is the function defined according to
The energy function pot E of the simplest model discussed in this Review, which is introduced in Sect. 2B to illustrate the condensation of DNA by small cations, is the sum of these five terms The dynamics of the models described by equations (8), (10), (12) or (14) (8), to 20 ps for the models in equations (10) and (12), and to 5 ps for the model in equation (14) . After each integration step, the position of the centre of the confining sphere was adjusted so as to coincide with the centre of mass of the DNA molecule.
